Astroviruses cause gastrointestinal and neurological infections in humans and animals. Since astrovirus is genetically diverse and different astrovirus genotypes can be found in the same animal species, astrovirus is a potential zoonotic threat to humans. In this study, we screened for astroviruses in rodents from Hong Kong, Hunan and Guangxi. Astrovirus was detected in 11.9 % (67/562) of rectal swab specimens. Phylogenetic analysis of the ORF1b region, which encodes the RdRp, showed that there were four distinct clusters (clusters A, B, C and D). Whole genome sequencing was performed for 11 representative strains from each of these four clusters. The mean amino acid genetic distances (p-dist) of full-length ORF2 were >0.634 between clusters A, B, C and other known astroviruses. The p-dist between clusters A and B, A and C, and B and C were 0.371-0.375, 0.517-0.549 and 0.524-0.555, respectively. Within cluster C, the p-dist between HN-014 and GX-006 was 0.372. Since strains with p-dist of !0.368 in ORF2 are now considered to be of separate genotypes species, cluster A, cluster B, cluster C-HN-014 and cluster C-GX-006 can be classified as novel genotype species. Cluster D was most closely related to the rodent astrovirus previously identified in Hong Kong. Since rodents live in close proximity to humans, interspecies jumping of these novel astroviruses may represent a threat to human health.
INTRODUCTION
Astroviruses (AstVs) are positive-sense single-stranded non-enveloped RNA viruses first discovered in the 1970s among infants with gastroenteritis [1] . Subsequently, AstVs were found in both adult and paediatric patients [2] [3] [4] [5] [6] . A human volunteer study showed that ingestion of AstVs led to gastroenteritis [7] . AstVs can also cause encephalitis in immunocompromised patients, and AstVs have been detected in the brain tissue [8] [9] [10] . AstV is also an important animal pathogen and can cause diarrhoea in them. In addition, AstV has been associated with poult enteritis mortality syndrome in turkeys, hepatitis in ducks and encephalitis in cattle [11] [12] [13] . AstVs are also frequently found in sewage systems [14, 15] .
AstVs have been found in many animal species, including non-human primates, other mammals and avian species [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . AstVs from mammals and avian species are classified into the genera Mamastrovirus and Avastrovirus, respectively. Traditionally, AstV species are also classified according to the host of origin. However, current evidence suggests that the same AstV species is frequently found in more than one animal host. For example, non-human primates have been found to harbour AstVs from diverse mammalian and avian hosts [35] . AstVs from dogs were most closely related to a mink AstV [36] . Recently, mammalian-like AstVs have been detected in wild birds from Hungary [37] . Therefore, the genotype species within a genus are now defined based on both the host range and the genetic differences [mean amino acid genetic distances (pdist) of ORF2] [34, 38] .
Rodents live in close proximity to humans, and therefore pathogens from rodents can represent a threat to humans [39] . Highly pathogenic human pathogens such as Yersinia pestis, Leptospira, arenaviruses and hantaviruses are transmitted from rodents [40] . Recently, a number of studies described the discovery of novel AstVs in wild rodents and laboratory mice [41] [42] [43] [44] . However, only three full genomes of rodent AstVs are available, hindering the study of AstV epidemiology. In order to have a better understanding of their genetic diversity, evolution, biology and potential for cross-species transmission and emergence, we conducted a surveillance study of AstVs in different rodent species in Hong Kong and Southern China. In this study, we identified four novel genotype species of rodent AstVs based on comparative genome and phylogenetic analyses.
RESULTS

Surveillance and identification of rodent astroviruses (RoAstVs)
A total of 562 rectal swabs collected from different rodent species in Hong Kong and Southern China (Guangxi and Hunan) from September 2008 to July 2010 were screened for AstVs using reverse transcription-polymerase chain reaction (RT-PCR) targeting the ORF1b region, which encodes the RNA-dependent RNA polymerase (RdRp). AstV was detected in a total of 67 (11.9 %) rectal swab specimens, including 41 specimens using broadly reactive degenerate primers and in another 26 specimens using specific primers (Table 1) . Sequencing was performed for all PCR fragments. Phylogenetic analysis of the nucleotide sequence showed that the AstVs belonged to four different clusters within the Mamastrovirus genus (Fig. 1) . A nucleotide sequence similarity search using BLASTN against the NCBI non-redundant nucleotide database showed that clusters A (n=36), B (n=4), C (n=19) and D (n=8) had <84, <80, <74 and <89 % nucleotide identity to other known AstV sequences, respectively. Clusters A, B and C were most closely related to murine AstVs [41, 43, 45] , while cluster D was most closely related to rodent AstVs [22] . All AstV strains in clusters A, B and D were isolated from rodents in Hong Kong. Strains from cluster C were isolated from rodents in Guangxi and Hunan (Table 1) .
Genome organization and analysis of RoAstV Whole genome sequencing was performed for a total of 11 strains, including five from cluster A, one from cluster B, two from cluster C (one from Guangxi and one from Hunan) and three from cluster D (Fig. 1 and Table S1 , available in the online Supplementary Material). The genome organization of all four clusters is similar to other AstVs, consisting of a 5¢ untranslated region (UTR), three overlapping ORFs (ORF1a, ORF1b and ORF2), a 3¢ UTR and a poly(A) tail (Fig. 2) . For cluster A, four complete genomes and one nearly complete genome were sequenced. The complete genomes are 6758-6761 nt in length. The genome sizes of clusters B and D are 6829 nt and 6231 nt, respectively. Two nearly complete genomes from cluster C were obtained (with about 40-60 nt missing in the 5¢ end). The G+C contents of clusters A, B, and D are 53.6-54, 52.5 and 48.2 %, respectively. The 5¢ UTR and 3¢ UTR of cluster A consist of 13-16 nt and 97 nt, respectively. For cluster B, 5¢ UTR and 3¢ UTR are 16 nt and 102 nt in length, respectively. Cluster C has a 103 nt 3¢ UTR, while cluster D has a 44 nt 5¢ UTR and 46 nt 3¢ UTR (Table S1 ). Genome sequence identity comparison with other related AstVs shows that the highest degree of sequence conservation is in ORF1b ( Table 2) .
ORF1a of clusters A, B and D are 2709 nt (902 aa), 2778 nt (925 aa) and 2220 nt (739 aa) long, respectively. The nucleotide length of the entire ORF1a could not be determined in cluster C due to incomplete genomes. ORF1 encodes the non-structural protein nsp1a. ORF1a of all sequenced genomes contains a trypsin-like peptidase domain as revealed by Pfam analysis. Five transmembrane helices were predicted to be present in the N-terminal half of nsp1a, which is similar to other AstVs (Table S1 ). The conserved 'slippery heptamer' sequence (5¢-AAAAAAC-3¢) is present near the 3¢ end of the ORF1a in all sequenced rodent genomes, and is responsible for inducing ribosomal frameshift during translation to generate the polyprotein nsp1ab.
The complete ORF1b is 1521 nt (506 aa), 1515 nt (504 aa), 1515 nt (504 aa) and 1545 nt (514aa) long for clusters A, B, C and D, respectively. The reading frame of ORF1b is À1 relative to that of ORF1a for translation to initiate after ribosomal frameshift which occurs at the 'slippery heptamer' site. ORF1b encodes a 58.7-58.8, 58.3, 58.6 and (Table S1 ). The p-dist of ORF2 between clusters A, B and C identified in the current study and other AstVs available in GenBank are all >0.634. Since p-dist of !0.378 (ICTV criteria [38] ) or !0.368 (proposed by Guix et al. [34] ) are currently used in the assignment of different genotype species, clusters A, B and C represent novel AstV genotypes. The p-dist between clusters C and A, and C and B are 0.517-0.549 and 0.524-0.555, respectively. Therefore, cluster C belongs to a different genotype from clusters A and B. The p-dist between clusters A and B is 0.371-0.375. Within cluster C, the p-dist between HN-014 and GX-006 was 0.372. Since the p-dist between clusters A and B and between HN-014 and GX-006 are !0.368, they are considered to be different genotype species based on the classification by Guix et al. [34] . The p-dist among cluster D, RAstV-RS126 and RAstV-RS118 range from 0.025-0.292; these values are lower than the p-dist cutoff for the same genotype species ( 0.312 for ICTV criteria [38] , 0.318 for criteria proposed by Guix et al. [34] ). Hence, cluster D belongs to the same genotype species as RAstV-RS126 and RAstV-RS118.
DISCUSSION
AstV is a genetically diverse virus with over 40 genotypes [34] , and it has been found in over 80 animal species [20] . Interspecies transmission including zoonotic transmission to humans has been proposed, but studies on transmission dynamics have been hindered by the relative lack of complete genome data. Currently, there are only three Clusters A and B are novel genotype species identified in Hong Kong. AstVs in cluster A were detected in the wild rodents Rattus andamanensis and Niviventer fulvescens, and these rodent species were not included in the previous surveillance in Hong Kong [22] . Since the cluster A AstVs from R. andamanensis and those from N. fulvescens were highly similar, it is likely that there is interspecies transmission of cluster A AstVs between these two wild rodent species. Cluster B was exclusively found in the street rodent species Rattus norvegicus. Since street rodents live in close proximity to a dense human population, cluster B may represent a greater threat to humans. Our results suggest that AstVs have different prevalence among different rodent species, and AstV surveillance should include different rodent species that are present in the same region.
Cluster D is closely related to RAstV-RS126 and RAstV-RS118 that were isolated from rodents in a previous surveillance study conducted in Hong Kong [22] . Based on the p-dist of ORF2, these AstVs are considered to be of the same genotype species. While cluster D AstVs were found in R. andamanensis and Bandicota indica, RAstV-RS126 and RAstV-RS118 were isolated from R. norvegicus. Therefore, the same RoAstV genotype species can infect more than one rodent species. This is not surprising as AstVs of the same genotype species are well known to be found in different host species [20] .
RoAstVs in clusters A, B and D were isolated exclusively from rodents in Hong Kong. Cluster B was only found in street rodent species R. norvegicus, while clusters A and D were only found in the wild rodents. RoAstVs in cluster C were only isolated from wild rodents in Hunan and Guangxi Provinces. Although the difference in RoAstV genotype species from distinct geographical locations may be related to sampling bias, it is also possible that there is a clonal spread of these RoAstVs in a certain area. However, since specimens from rodent species N. coxingi were only collected from Hunan and Guangxi, and not in Hong Kong, it is also possible that the difference in AstV genotype species may be related to the different host species. *See figure legend of Fig. 1 for abbreviations. †For cluster D, whole genome sequencing was performed for a total of three strains. Only RoAstV-HK-1893F was shown because all three strains have almost 100 % amino acid identities. ‡For cluster A, we have only shown the pairwise amino acid identities between the strain RoAstV-HK-12111F and other selected strains in publicly available database. The ranges of pairwise amino acid identities between cluster A and MuAstV/MuAst-STL2 in the text also include strains RoAstV-HK-22103F, RoAstV-HK-4214F, RoAstV-HK-13112F and RoAstV-HK-25315A. §For cluster C ORF1a, pairwise amino acid identities were performed based on the available nearly complete ORF1a sequence. [38] . Species in grey italics were proposed by Guix et al. [34] . CaAstV, canine astrovirus; MWAstV, minke whale astrovirus; CcAstV, Capreolus capreolus astrovirus; BufAstV, water buffalo astrovirus. The prevalence of cluster C AstVs among N. coxingi in this study was 34.5 % in Hunan and 60 % in Guangxi. In a previous surveillance study conducted in Southern China, RoAstVs were detected in 22.2 % (six of 27 samples) of Niviventer eha but not N. coxingi from Yunnan, China. However, only two specimens from N. coxingi were tested in that study [25] . Therefore, both N. eha and N. coxingi are susceptible to AstV infection. In Hong Kong, the low prevalence of AstV in R. norvegicus in our study (2.2 %) concurs with the results from the previous surveillance in the same area (1.6 %) [22] . On the other hand, R. andamanensis (13.9 %) has a much higher prevalence of AstV than other rodent species in Hong Kong, suggesting that R. andamanensis is more susceptible to AstV infection than R. norvegicus.
Our study expands the knowledge of RoAstVs and host diversity. Nevertheless, further AstVs surveillance studies in other rodent species are still necessary and important to have a better understanding of the genetic diversity and host specificity in our rodent population.
METHODS
Rodent specimens
All rodents in this study were captured from urban and rural areas of Hong Kong Special Administration Region, Hunan Province and Guangxi Province of China between September 2008 and July 2010 as described previously [47] . Wild rodents in rural areas of Hong Kong were released back to nature after sample collection. Samples from street rodents in urban areas of Hong Kong and rodents from China were collected immediately after euthanasia as routine policies for the disposal of captured rodents. Rectal swabs were collected and immersed in viral transport medium. The rectal swabs were stored at À80 C before further processing.
RNA extraction and reverse transcription Viral RNA was extracted from the rectal swabs using a QIAamp Viral RNA mini kit (Qiagen, Hilden, Germany). RNA was eluted into 60 µl RNase-free water and was used as the template for RT-PCR. Reverse transcription was performed using the SuperScript III kit (Invitrogen, Carlsbad, CA, USA). The reverse transcription reaction mixture (10 µl) contained RNA, first-strand buffer (50 mM Tris/HCl pH 8.3, 75 mM KCl, 3 mM MgCl 2 ), 5 mM dithiothreitol, 50 ng random hexamers, 500 µM each dNTP and 100 U Superscript III reverse transcriptase. The mixture was incubated at 25 C for 5 min, 50 C for 60 min and 70 C for 15 min.
RT-PCR and sequencing of the ORF1b region RT-PCR targeting ORF1b, which encodes the RdRp, was performed using conserved primers as described previously [18] . Specific primers for clusters A, B and D were then designed based on the ORF1b sequences that were obtained using the consensus primers. For ORF1b RT-PCR using conserved primers (5¢-GAYTGGACBCGHTWTGATGG-3¢ and 5¢-KYTTRACCCACATNCCAA-3¢), the size of the PCR product was 432 bp. The PCR mixture (25 µl) contained cDNA, PCR buffer (10 mM Tris/HCl pH 8.3, 50 mM KCl, 2 mM MgCl 2 and 0.01 % gelatin), 200 µM each dNTPs and 1.0 U Taq DNA polymerase (Applied Biosystems, Foster City, CA, USA). PCR was performed using an automated thermal cycler (Applied Biosystems, Carlsbad, CA, USA), and the PCR cycling condition was as follows: hot start at 94 C for 7 min, followed by 50 cycles of 94 C for 1 min, 48 C for 1 min, 72 C for 1 min and a final extension at 72 C for 10 min. All PCR products were gel-purified using the QIAquick gel extraction kit (Qiagen, Hilden, Germany). Both strands were sequenced twice with an ABI Prism 3730xl DNA Analyser (Applied Biosystems, Foster City, CA, USA) using the two PCR primers.
Additional ORF1b RT-PCR screening was performed to find more positive samples for the three less prevalent clusters on the same samples using specific primers (cluster A: 5¢-TAA-CAACATGGTCAACTACTGG-3¢ and 5¢-GGCTTAACCCA-CATACCAA-3¢, target size: 194 bp; cluster B: 5¢-TCTTTG-GAATGTGGGTGAA-3¢ and 5¢-GGCTTAGGAGTTTCCCA TG-3¢, target size: 191 bp; cluster D: 5¢-CAATAATATGG TGAACTACTGG-¢3 and 5'-GGCTTAACCCACATCCCAA-3¢, target size: 194 bp). The PCR condition was the same as the condition for the conserved primer, except that the annealing temperature was changed to 50 C.
Genome sequencing
Eleven complete or nearly complete genomes from each of the four clusters were amplified and sequenced with RNA extracted from the rectal swabs as templates. RNA was converted to cDNA by a combined random-priming and oligo (dT) priming strategy. Genome sequencing was performed as described previously with modifications [48] . cDNA was amplified by degenerate primers designed by multiple alignment of the genomes of related AstVs, including human AstVs, bat AstVs and mink AstVs. Additional primers for subsequent rounds of PCR were designed based on the results of earlier rounds of genome sequencing. 5¢ and 3¢ ends of the viral genomes were confirmed by random amplification of cDNA ends using a SMARTer RACE cDNA Amplification kit (Clontech, USA). Sequences were assembled and manually edited to produce final sequences of the viral genomes.
Phylogenetic and genome analysis
Nucleotide sequences of the genomes and the deduced amino acid sequences of the ORFs were compared with those of other AstVs available in GenBank. The unrooted phylogenetic tree of the PCR screening fragments was constructed using the neighbour-joining method for aligned nucleotide sequences in CLUSTAL_X version 2.1. The maximum-likelihood phylogenetic trees of ORF1a, ORF1b and ORF2 amino acid sequences were constructed using MEGA6 [49] , with bootstrap values calculated from 1000 trees. The p-dist of ORF2 was calculated using MEGA6, with a bootstrap test obtained from 100 replicates. All positions containing alignment gaps and missing data were only eliminated in 
